nanoparticles, 28−30 and redox active calix [4] pyrrole derivatives. 31, 32 In addition to proven ion-pair recognition ability, 18,33 well-defined oligomers 34 and polymers 35−38 of calix [4] pyrroles have also been reported and it was shown that these macrocyclic anion receptors can be used for the extraction of F − and Cl − anions, in the form of their tetrabutylammonium salts, from aqueous solutions. Moreover, enhanced extraction of KF and KCl from aqueous solutions has also been shown when the crown ether moieties were incorporated into the polymer matrix along with calix [4] pyrrole receptor sites. 36 These intriguing findings prompted us to develop new highly organic soluble calix [4] pyrrole compounds for further potential use in the removal of anionic species from aqueous environments. In this study, in the context of our synthetic efforts, cyclic aliphatic and aromatic units were incorporated into the macrocyclic structure of the calix [4] pyrrole core to maintain high solubility in organic solvents while keeping the selectivity of the macrocycle against different anionic species. Therefore, we focused on the synthesis and characterization of a new set of calix [4] pyrroles and investigated the anion binding properties of these compounds using isothermal titration calorimetry (ITC).
The present study was motivated by a desire to obtain calix [4] pyrroles that would not partition significantly into water when studied under potential interfacial conditions. Recently we demonstrated that the attachment of long n -alkyl ester units to the calix [4] pyrrole core structure can help maintain high solubility in organic solvents. 39 This is because certain calix [4] pyrroles could be used to reverse the so-called Hofmeister bias 33, 40 and are thus potentially useful as anion extractants. Anion extraction is an application of minimizing surface water eutrophication originating from agricultural runoff 8 and a function of the nuclear waste processing industry. 9 As another step towards these long-term goals, we sought to develop new calix [4] pyrroles prepared from cyclohexanone and acetophenone derivatives. These new calix [4] pyrroles could prove to be soluble in common organic solvents and could preserve the selective recognition of specific anionic species.
Results and discussion

Synthesis and characterization
To prepare the target calix [4] pyrrole derivatives and compare their anion binding affinities we followed two different pathways. The first strategy was the preparation of 4-phenyl substituted tetraspirocyclohexyl calix [4] pyrrole compounds (Scheme 1). The presence of a large number of aliphatic carbon atoms and phenyl units was expected to provide highly organic soluble calix [4] pyrroles. Therefore, we carried out a number of mixed condensation reactions of pyrrole with 4-phenylcyclohexanone and cyclohexanone in methanol using methanesulfonic acid as a catalyst. These reactions afforded compounds 3 and 4 in 86% and 45% yields, respectively.
1 H and 13 C NMR spectroscopy data corroborated with the mass analyses proved the consistency of the products with the expected structures. Phenyl units connected to cyclohexyl rings were anticipated result in four possible configurational isomers ( αααα , αααβ , αβαβ , ααββ) 41, 42 of compound 3 and two similar isomers (αα , αβ) for 4 based on the relative orientations of the phenyl units. Although we were not able to separate these isomers using conventional chromatographic techniques, the presence of the configurational isomers is not expected to change the anion binding strength of either 3 or 4 dramatically since the phenyl units are far enough away from the macrocycle cores.
The presence of configurational isomers was observed in the 1 H NMR spectra of compounds 3 and 4.
For instance, the pyrrole -CH proton resonances were observed as two distinctive multiplet peaks at 5.80 and 5.93 ppm for 3 ( Figure 2 ). In the case of compound 4 pyrrole CH resonance multiplets were observed between 5.85 and 6.17 ppm. These results are consistent with the expected configurational isomers of 3 and 4. Similarly, the aromatic protons of phenyl units also gave rise to multiplet resonance signals between 7.00 and 7.14 ppm for both of 3 and 4. Additionally, distinctive NH resonances at 6.87 and 7.30 ppm for calix [4] pyrrole 3 and at 7.07 and 7.21 ppm for the calix [4] pyrrole 4 are consistent with the structures of these compounds. In the second strategy we used cyclohexanone and acetophenone derivatives to obtain new calix [4] pyrrole compounds as shown in Scheme 2. Phenyl units connected to the meso-positions of calix [4] pyrroles are known to increase the anion binding affinity of these structures via anion−π interactions. 43 Furthermore, the presence of cyclohexyl units at the meso-positions was expected to increase the solubility of the calix [4] pyrroles in common organic solvents. Thus, incorporation of the phenyl and cyclohexyl derivatives was expected to increase the anion binding affinity of the calix [4] pyrroles via additional anion−π interactions while maintaining the high solubility in organic solvents. This would also allow us to compare the effect of phenyl units and substituents at their 4-positions on the anion binding abilities when compared with the parent systems (1 and 2). With these aims, compounds 5 and 6 were prepared using conditions similar to those used to prepare 4 to afford 5 and 6 in 49% and 52% yields, respectively (Scheme 2). These compounds were also characterized by using 1 H and 13 C NMR spectroscopy and mass spectrometry. The presence of phenyl units at the meso-positions of 5 and 6 was expected to result in the formation of two possible configurational isomers (αα and ββ) based on the The third strategy was using 4-phenylcyclohexanone and acetophenone derivatives to compare the effect of extra phenyl units attached to the cyclohexanone ring. For that purpose, 4-chloro and 4-iodo derivatives of acetophenone were used to prepare mixed condensation products. Compounds 7, 8, and 9 were obtained in 45%, 42%, and 40% yields, respectively, as illustrated in Scheme 2. Characterization of these compounds was accomplished by the same techniques used for the other calix [4] pyrrole derivatives of this study. Similar to above set of calix [4] pyrroles, these compounds were also expected to have configurational isomers. Relative 
Anion binding studies
Anion binding measurements of compounds 3-9 were carried out in 1,2-dichloroethane. This relatively apolar solvent was chosen because the binding measurements of 1 and our previous set of calix [4] pyrrole compounds 39 were carried out in 1,2-dichloroethane. Thus, ready reference to these benchmark data could be made and, with this goal in mind, the chloride and acetate binding properties of calix [4] pyrroles 3-9 were analyzed in 1,2-dichloroethane at room temperature using ITC (See Supplementary Materials for ITC titration curves).
The Table shows the binding constants for the calix [4] pyrroles of this study interacting with Cl − and
in the form of their tetrabutylammonium salts. Compound 5, the mixed condensation product of cyclohexanone and acetophenone, shows similar affinity to 1 towards chloride anion. This suggested to us that the presence of cyclohexyl units would help the calix [4] pyrrole core structure to take the cone conformation as easily as 1 when it is bound to an anion. A similar trend was observed in the case of compound 6, which is the mixed condensation product of cyclohexanone and 4-iodoacetophenone. This result corroborates the conformational effect of cyclohexyl units connected to the meso-position of the calix [4] pyrrole ring. Interestingly, calix [4] pyrrole 7, which was obtained by the mixed condensation of 4-phenylcyclohexanone and acetophenone, showed better anion binding affinity. Compound 7 binds the chloride anion about three times more strongly than parent system 1 and more effectively than compounds 5 and 6. Similarly, compound 9 binds the chloride anion more strongly than the aforementioned compounds. These results suggested that the phenyl units at mesopositions and connected to 4-positions of the cyclohexyl units enhance the chloride anion binding constants, presumably because of the additional anion−π interactions. 43 The major conclusion supported by the chloride binding data in the Table is that the presence of phenyl units in the meso-positions of the calix [4] pyrrole ring increases the anion binding affinity by a factor of 2-3 depending on the substituents on the phenyl units of acetophenone. The affinity constants for compounds, 3, 4, and 8 could not be determined because of competing but as of yet identified interactions observed in the ITC traces. Enhanced acetate anion binding affinity was observed compared to octamethylcalix [4] pyrrole 1 in the case of compound 3 possessing four phenyl units that are on the 4-positions of cyclohexyl units. The same trend was not observed in the case of compound 4. The acetate anion binding affinity of compound 4 containing two phenyl units on the 4-positions of the cyclohexyl units is ten times less than that of compound 3. This may be because compound 4 possesses only two 4-phenyl cyclohexyl units. A similar trend was also observed in the case of compound 5. Furthermore, replacing the 4-phenylcyclohexyl units with the cyclohexyl units increases the acetate anion binding affinity that was observed with compounds 7, 8, and 9. For example, compound 7 binds acetate twice as much as 5. It can finally be concluded that all the calix [4] pyrrole compounds of this work having phenyl units on the 4-positions of the cyclohexyl components show better acetate anion binding affinities compared to the corresponding calixpyrroles containing cyclohexyl units.
Experimental
Materials and measurements
Melting points were measured on a Gallenkamp instrument and are uncorrected.
1 H and 13 C NMR spectra used in the characterization of products were recorded on a Bruker 250 MHz AC-3000 spectrometer. Low-resolution FAB and CI mass spectra were obtained on a Finningan MAT TSQ 70 mass spectrometer. High-resolution FAB and CI mass spectra were obtained on a VG ZAB2-E mass spectrometer. The ESI-MS data were recorded on a Waters/Micromass ZQ mass spectrometer. Microcalorimetric titrations were performed using an isothermal titration calorimeter purchased from MicroCal Inc. ( 
Synthesis of calix[4]pyrrole 3
Pyrrole (1 mL, 14. 
Synthesis of calix[4]pyrrole 4
Synthesis of calix[4]pyrrole 5
This compound was prepared from pyrrole (1 mL, 14.3 mmol), cyclohexanone (0.75 mL, 7.15 mmol), and acetophenone (0.84 mL, 7.15 mmol) using a procedure analogous to that used to prepare 4. The product was a white solid (1.11 g, 49% 633.3978).
Synthesis of calix[4]pyrrole 6
This compound was prepared from pyrrole (1 mL, 14.3 mmol), cyclohexanone (0.75 mL, 7.15 mmol), and 4-iodoacetophenone (1.77 g, 7.15 mmol) using a procedure analogous to that used to prepare 4. The product was a yellow solid (1.65 g, 52% 
Synthesis of calix[4]pyrrole 7
This compound was prepared from pyrrole (1 mL, 14.3 mmol), 4-phenylcyclohexanone (1.26 g, 7.15 mmol), and acetophenone (0.84 mL, 7.15 mmol) using a procedure analogous to that used to prepare 4. The product was a yellow solid (1.27 g, 45% 
ITC titration for compound 3
Figure S1. ITC titration curves obtained from the titration of compound 3 (0.4 mM) with acetate anion (8 mM) in
• C. The curve shows the fit of the experimental data to a 1:1 binding profile. 
ITC titration for compound 9
Figure S11. ITC titration curves obtained from the titration of compound 9 (0.4 mM) with acetate anion (6 mM) in C 2 H 4 Cl 2 at 25
• C. The curve shows the fit of the experimental data to a 1:1 binding profile.
